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Analyzing protein functions in four dimensions

Janos Hajdu', Richard Neutze!, Tove Sjogren', Karl Edman', Abraham Széke!, Rupert C. Wilmouth?

and Carrie M. Wilmot3

Time-resolved structural studies on biomolecular function are coming of age. Focus has shifted from studies on
‘systems of opportunities’ to a more problem-oriented approach, addressing significant questions in biology and
chemistry. An important step in this direction has been the use of physical and chemical trapping methods to
capture and then freeze reaction intermediates in crystals. Subsequent monochromatic data collection at
cryogenic temperatures can produce high resolution structures of otherwise elusive intermediates. The
combination of diffraction methods with spectroscopic techniques provides a means to directly correlate
electronic transitions with structural transitions in the sample, eliminating much of the guesswork from
experiments. Studies on cytochrome P450, isopenicillin N synthase, cytochrome cd, nitrite reductase, copper
amine oxidase and bacteriorhodopsin were selected as examples, and the results are discussed.

Biological function is a four-dimensional property, and a basic
understanding of function requires a synthesis of knowledge in
four dimensions (x, y, z; t). Time-resolved structural studies on
biological macromolecules represent a necessary step in this direc-
tion. Here we review recent trends and results that indicate the
maturing nature of this field, showing that an increasing variety of
systems have yielded detailed mechanistic information on struc-
tural intermediates or unstable product complexes. We selected
systems where time-resolved structural studies have led to gen-
uinely new insights into our understanding of biological functions.
Three criteria'® must be met to allow the study of structural
changes of biological macromolecules in the crystalline state: (i)
the macromolecule must be active in the crystal; (ii) a method of
triggering the reaction within crystals must exist and should not
disrupt the crystal lattice; and (iii) the structural intermediate of
interest must be present at reasonably high concentration
(preferably much above 25%) during data collection.

Reaction initiation in crystals

Recent time-resolved protein crystallographic studies fall into
two main categories. One of these involves photon-induced reac-
tion initiation followed either by monochromatic or Laue data
collection, (see ‘Data collection’ section below). Photon trigger-
ing may involve the release of a caged substrate’=, may initiate a
light sensitive reaction®'¢ or, when the photon trigger is X-rays,
may reduce key groups through radiolysis'”. Current develop-
ments in this area®'” represent an impressive technical achieve-
ment and map a pathway towards experiments in the picosecond
to femtosecond regime!®2!. It is difficult to trap structural inter-
mediates that arise on these timescales; therefore, continuous
pumping®®'24 and pump-probe methodologies”®!! represent a
promising avenue for structurally characterizing the fastest
events in chemistry and biology.

Reaction triggering should ideally be both uniform throughout
the body of the crystal and rapid with respect to the reaction
under study. Very fast reaction initiation can be achieved by fem-
tosecond photoexcitation??, and in this time scale, even molecular
vibrations are synchronized. On longer time scales, a transition

into the Maxwell-Boltzmann regime occurs, and in this regime,
chemical reactions do not proceed synchronously. Here, interme-
diates may be present simultaneously in many unit cells, but they
are vibrationally uncoupled and thus unsynchronized. The inter-
pretation of all time-resolved experiments is invariably compro-
mized by this factor and by limitations in either the speed or
uniformity of reaction initiation, partial occupancies, multiple
conformational states, and crystal lattice disordering due to the
very movements that one wishes to observe.

The majority of biochemical processes are not photochemical.
Almost all enzymes participate in processes in which diffusion
provides the link between reaction partners. Thus the second
category of experiments targets these important processes and
combines trapping methods with diffusion-based reaction initi-
ation techniques'7?3-26, Time-resolved structural studies on dif-
fusive processes in enzyme crystals can be difficult due to
problems of mixing enzymes and reactants. Structural studies
are, however, possible on intermediates that accumulate tran-
siently in the crystal during a reaction-?-?°. This requires a rela-
tively fast substrate binding followed by a relatively slow
reaction. Because the activity of an enzyme is generally lower in
the crystalline state than in solution, uniform catalysis can often
be triggered by diffusing reagents such as substrates into crystals.
The rates of diffusion and ligand binding thus set an upper limit
to the speed of reactions that can be analyzed this way. In an
average-sized protein crystal (0.1-0.3 mm overall dimensions),
half saturation binding with small ligands can be reached within
about one minute. The turnover rate has to be slower than this to
assure an accumulation of an intermediate. Intermediate trap-
ping can be facilitated by using mutant proteins, altered sub-
strates, changes in pH, pressure or temperature, or a
combination of all these above. In cryo-trapping experiments,
initial cooling rates of [1100,000 K s can be reached on small
crystals when immersed rapidly into liquid propane or ethane.
This assures that the sample reaches cryogenic temperatures in a
few milliseconds. With the availability of modern synchrotron
sources, high quality monochromatic data collection on trapped
intermediates is no longer an issue in such experiments.
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Time-resolved experiments

It is important to distinguish time-resolved structural studies
from time-resolved diffraction studies. In the latter, X-ray diffrac-
tion data are measured in real time, using either Laue diffrac-
tion”®!11:2-30  or  fast monochromatic diffraction®?”. The
difficulties of measuring changes in diffraction intensities in real
time have made these types of experiments a specialty. Thus, an
increasing number of studies attempt to trap intermediates at
various stages of a reaction for subsequent data collection at cryo-
genic temperatures. This approach has produced a number of
high quality structures for trapped intermediates (for examples,
see refs 17,23-25), for which the reaction of interest was either
slowed down appreciably or stopped entirely at a certain stage.
Frames corresponding to various time points in the reaction can
then be collected and assembled into a three-dimensional
‘movie’ 121315172325 Moreover, single crystal microspectro-
photometry*23-2529-32 provides a convenient way for establishing,
in advance, conditions under which a high population of a
desired structural intermediate builds up. Crystals with interme-
diates at different time points can be frozen, characterized in the
home laboratory before a trip to a synchrotron for high resolu-
tion data collection.

Data collection

In time-resolved structural studies, multiple structural states are
deliberately created in a crystal. A detailed analysis of mixed
structures requires better quality and higher resolution diffrac-
tion data than those used in ordinary structure determinations.
This requirement has been the main driving force in the applica-
tion of monochromatic data collection methods for structural
studies on transient reaction intermediates, and has also been
driving the development of trapping methods to prolong the
lifetime of otherwise short-lived intermediates.

During data collection with monochromatic X-rays, reflec-
tions are integrated through a small angular range. This diffrac-
tion geometry offers two advantages: it provides the highest
attainable signal to noise ratios in intensity measurements (and
thus the highest resolutions in the data set); and the geometry
permits studies on crystals with high mosaicity. This point is
important for measurements on reaction intermediates as a
transient increase of disorder (and mosaicity) accompanies most
structural transitions in crystals. A drawback of monochromatic
data collection methods is the relatively slow speed of rotation
photography, giving data rates of [110,000 reflections per second
presently.

In contrast, the Laue method employs a ‘white’ X-ray beam
(typical AN/A values range from a few percent to over an octave) to
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illuminate a stationary crystal (for a recent review see ref. 33).
Reflections are integrated through a small wavelength range
instead of a small angular range. Under these conditions, a large
number of lattice planes diffract simultaneously as the Bragg con-
dition is satisfied for each of these planes by at least one narrow
wavelength range in the spectrum. Extremely fast exposure can be
achieved this way. Unfortunately, this method suffers from prob-
lems inherent to the geometry of Laue diffraction?, and these fea-
tures affect the usefulness of this method in time-resolved
structural studies: (i) Only a small part of the incident spectrum
contributes to each reflection but all of it contributes to the back-
ground. Resolution in Laue data sets is therefore lower than reso-
lution in corresponding monochromatic data sets. (ii) Laue
exposures contain fewer low resolution reflections*»¥, and as a
consequence, motion, disorder, and the shape and extent of the
molecular envelope are difficult to describe from Laue measure-
ments. (iii) The Laue geometry is sensitive to the mosaicity of
crystals, and crystals with a slightly imperfect lattice make reflec-
tions radially elongated. An increase of mosaicity and disorder
accompanies most structural transitions in crystals. Not all reac-
tions that take place in crystals are thus suitable for kinetic analysis
with the Laue technique. Consequently, most of the biologically
significant structural results on reaction intermediates, and prac-
tically all structures on native proteins, have come from mono-
chromatic diffraction studies.

Structural rearrangements of cytochrome cd,
Time-resolved structural studies on cytochrome cd, nitrite
reductase have led to the proposal that late steps in the folding of
a protein may be utilized in structural transitions required for
the function of the protein*’. Cytochrome cd, nitrite reductase
from Paracoccus pantotrophus (formerly known as Thiosphaera
pantotropha) is a bifunctional enzyme that catalyzes the one-
electron reduction of nitrite to nitric oxide (NO, + 2H*+¢ —
NO + H,0), the committed step of denitrification, and the four-
electron reduction of oxygen to water (O, + 4H* + 4¢” —» 2H,0),
which is a cytochrome oxidase reaction. The crystal structure of
the oxidized enzyme?® shows the d, heme iron of the active site
ligated by His 200/Tyr 25 side chains, and the ¢ heme iron by a
His 17/His 69 ligand pair.

Time-resolved structural studies on nitrite reduction? revealed
a fascinating view of the enzyme undergoing major structural
rearrangements. Single crystal microspectrophotometry and
X-ray crystallography were used to follow the reaction in the crys-
tal. Reaction intermediates were trapped by freeze quenching
crystals at [P0 K, and monochromatic data sets were collected to
high resolutions from these intermediates. The results show that
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Fig. 1 The c-type cytochrome domain of cytochrome cd, in three different states?. The ¢ domain is colour coded according to B-factors (blue: 5 Az
red: 40 A?). a, Structure of the c-domain in the reduced enzyme. b, An intermediate structure during reoxidation with nitrite. ¢, Structure of the

c-domain in the oxidized enzyme.
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both hemes undergo religation during catalysis. Upon reduction,
the tyrosine ligand of the d, heme is released to allow substrate
binding. Concomitantly, an unexpected refolding of the
cytochrome ¢ domain takes place, resulting in a change of the ¢
heme iron coordination from His 17/His 69 to Met 106/His 69
(Fig. 1). This step is reminiscent of late steps in the folding of
cytochrome ¢¥, and raises the intriguing possibility that
cytochrome cd, utilizes an element of a folding process in its func-
tional cycle?®. The structural change between oxidized and
reduced cytochrome cd, shows how redox energy can be convert-
ed into conformational energy within a heme protein, a phenom-
enon that has general importance. Structures of reaction
intermediates reveal how nitric oxide is formed and expelled from
the active site iron, as well as the return of both hemes to their
starting coordination in the crystal. Based on these structures,
quantum mechanical (QM) calculations were performed in com-
bination with simulated annealing (SA) and molecular mechan-
ics (MM) to determine the electronic distribution of molecular
orbitals in the active site during catalysis®*®. The results show likely
trajectories for electrons, protons, substrates and products during
nitrite reduction, and offer an interpretation of the reaction
mechanism.

Return of Tyr 25 to a hydrogen bonding position between
His 345 and His 388 facilitates product release, but rebinding of
Tyr 25 to the oxidized iron may be bypassed in steady state catal-
ysis. Recent solution studies by EPR and absorption spec-
troscopy® confirm these conclusions, and show the formation of
the catalytically competent form of the enzyme with ‘switched’
heme axial ligands (Fig. 1a). Following oxidation, this structure
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slowly returns (at 25 °C) to the resting state (Fig. 1c), a process
that takes [20 min at 25 °C (ref. 39).

Copper amine oxidase

Oxygen activation is a fundamental process in aerobic biology,
and yet it is poorly understood. Recent time-resolved diffraction
studies? have captured, for the first time, a bound dioxygen
species at a copper center (Fig. 2a). Ubiquitous copper amine
oxidases are extracellular or cell surface enzymes that convert
primary amines to aldehydes with the concomitant release of
hydrogen peroxide and ammonia (Fig. 2b). Copper amine oxi-
dases are linked to medical conditions such as congestive heart
diseases or complications in diabetes.

The catalytic mechanism (Fig. 2b) involves a two-electron redox
reaction with only a single copper at the active site. The second
redox site is provided by a novel quinone cofactor,
2,4,5-trihydroxyphenylalanine quinone (TPQ), derived from a
constitutive tyrosine (for a review see ref. 40). The reductive half
reaction (species 1 — 3, Fig. 2b) has been well-characterized bio-
chemically and proceeds via Schiff base formation between the
TPQ cofactor and an amine substrate. This is followed by hydroly-
sis of the Schiff base to yield an aldehyde product and a twice
reduced quinone cofactor in the form of aminoquinol*#! (species
3, Fig. 2b). The mechanism of the oxidative half reaction in which
molecular oxygen is used to regenerate species 1 has been the sub-
ject of intense debate.

Wilmot and coworkers?® exploited the fact that copper amine
oxidase from E. coli is fully active in the crystalline state, and the
catalytic reaction is accompanied by a rich palette of visible spec-
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Fig. 2 First view of a bound dioxygen species at a copper center?. a, The figure shows the rate-determining intermediate in the active site of E. coli
amine oxidase. Yellow dashed lines indicate H-bonding and van der Waals interactions. Proton transfer pathways to the bound dioxygen species from
the O2 and 04 atoms of the cofactor (shown here in its iminoquinone form) are evident. From the O2 atom of the cofactor direct transfer is possible
to one of the oxygen atoms of the dioxygen species, while from the 04 atom a structurally conserved path exists to the other oxygen atom of the
dioxygen species, involving the hydroxyl of Tyr 369 and a water molecule (W2). Another water (W4) is poised above the imino group of iminoquinone,
suggesting hydrolysis mediated by a conserved aspartic acid (Asp 383) as the route for regeneration of the oxidized cofactor (2,4,5-trihydroxyphenyl-
alanine quinone, TPQ) releasing ammonia. The structure corresponds to species 6 in (b). b, The reaction cycle of E. coli amine oxidase. The enzyme in
the oxidized resting state (species 1, PDB code 1DYU) reacts with the amine substrate to form a Schiff base (species 2, PDB code 1SPU) between the
substrate and the cofactor (TPQ). Following hydrolysis of the Schiff base, the product aldehyde is released, leaving a doubly reduced enzyme behind
in which the two extra electrons are distributed in an equilibrium between a Cu(ll)-aminoquinol species (PDB code 1D6U; species 3) and a Cu(l)-semi-
quinone species (species 4). The reduced cofactor is reoxidized to TPQ by molecular oxygen probably via a semiquinone-Cu?+-superoxide (species 5) to
give the product hydrogen peroxide and iminoquinone-Cu?* (species 6, PDB code 1D6Z). Hydrolysis of the iminoquinone would regenerate TPQ or
alternatively, attack by the amine substrate would lead to the formation of the substrate Schiff base. Crystal structures?541.54 have been obtained for
species 1,2,3 and 6. The visible spectrum of semiquinone, either species 4 or 5, is observed during turnover.
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Fig. 3 The reaction cycle of cytochrome P450cam. a, Substrate binding converts the six-coordinate, low-spin form of the protein (species 1) to the
five-coordinate, high-spin Fe(lll) camphor complex (species 2). Addition of the first electron reduces the enzyme to the five-coordinate Fe(ll) camphor
complex (species 3). Binding of molecular oxygen gives the six-coordinate Fe(l)-O, dioxygen intermediate (species 4) in equilibrium with the six-coor-
dinate Fe(lll)-O, intermediate (species 5). Addition of a second electron and two protons results in the cleavage of the oxygen-oxygen bond (species
6,7) to produce a molecule of water and an oxidizing species, the so-called activated oxygen intermediate (species 7). Insertio n of the iron-bound
oxygen into the substrate gives the product, 5-exo-hydroxycamphor. Structures for intermediates 3, 6 and 7 have recently been reported'. b, The
active site of cytochrome P450cam with a bound dioxygen species'”. The most likely interpretation of the results is that this structure corresponds to
species 6 in (a). Two well-ordered water molecules (blue) form hydrogen bonds with the highly conserved Asp 251 and Thr 252, both of which had
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been implicated in the catalytic reaction. The dioxygen species is in van der Waals contact with the camphor substrate.

tral changes due to the redox changes taking place at the TPQ
site. Certain steps of the reaction are dramatically slowed down
in the crystal compared to solution, and freeze trapping in liquid
nitrogen can be used to halt the reaction at these stages. Most
revealing was the 2.1 A structure of the intermediate accumulat-
ed before the rate-determining step, which permitted the direct
visualization of dioxygen bound to a mononuclear copper cen-
ter. The TPQ was in the iminoquinone state (oxidized aminated
form), which was a postulated intermediate in the reaction but
had never been observed. This observation indicates that the
dioxygen species was the product hydrogen peroxide (species 6,
Fig. 2b), spanning between the copper ion and the O2 position of
iminoquinone. The dioxygen species formed a weak side-on
interaction with the metal in the complex. The first electron to
molecular oxygen could come from either Cu* or aminoquinol*
to give Cu?!, superoxide and the one-electron reduced semi-
quinone, whose spectrum is observed during turnover in crystals
(species 4 or 5, Fig. 2b). The second electron would come from
the semiquinone to yield the iminoquinone species (species 6,
Fig. 2b).

Proton transfer pathways from O2 and O4 of the cofactor to
dioxygen are suggested by the structure; in the case of O2 by direct
transfer and for O4 in a structurally conserved path involving the
hydroxyl of a tyrosine and a water molecule. A water molecule is
poised above the aminated C5 position of the iminoquinone, sug-
gesting that hydrolysis leading to TPQ and ammonia, is mediated
by a conserved aspartic acid (Fig. 2a). The time-resolved crystal
structure revealed the major features of oxygen activation in this
important class of enzymes, and demonstrated the power of freeze
trapping techniques in enzymology, particularly when combined
with spectroscopy to ‘place’ the structure along the reaction coor-
dinate.
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Intermediates during oxygen activation

Charge exchange reactions between highly oxidized metal cen-
ters and neutral molecules play key roles in difficult synthetic
and degradative processes in biology. Highly charged metal ions
such as Fe(IV) are temporarily created through chemical or
photochemical processes in the active sites of some enzymes.
Most of these enzymes catalyze reactions that have a very high
activation energy barrier, and may require a flame in the labora-
tory, yet proceed effectively at the active sites of these biological
‘blowtorches’™. These enzymes play prominent roles in the stere-
oselective oxidation of inert bonds, such as unactivated car-
bon—carbon or carbon-hydrogen bonds, and the reactions
usually involve radicals. Cytochrome P450cam and isopenicillin
N synthase are two such enzymes. They both contain iron, but
the iron is present in very different chemical environments in
these two enzymes. Cytochrome P450cam is a heme enzyme,
while isopenicillin N synthase is a mononuclear ferrous enzyme
(the first from this family whose structure could be deter-
mined*?).

Cytochrome P450cam. Members of the cytochrome P450
superfamily catalyze the addition of molecular oxygen to unacti-
vated hydrocarbons at physiological temperature, a reaction that
requires high temperature to proceed in the absence of a catalyst.
One of the best-characterized enzymes of this family is
cytochrome P450cam that catalyzes the stereospecific hydroxyla-
tion of camphor to 5-exo-hydroxycamphor (Fig. 3). Structures
are available for a number of different forms of this protein (for
example, species 1, 2 and 8 in Fig. 3a) but the nature of the oxy-
gen-bound species remained unclear. Recent experiments by
Schlichting and coworkers'” revealed structures for three of the
key intermediates (species 3, 6 and 7 in Fig. 3a). These structures
were obtained by trapping techniques and cryocrystallography,
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and by driving catalysis in frozen crystals using electrons liberat-
ed through radiolysis.

To form a bound dioxygen complex, the authors first exposed
the enzyme—substrate—Fe(II) complex to high pressures of oxy-
gen. After three minutes in oxygen, the crystals were flash frozen
in liquid nitrogen and a data set collected using 0.91 A wave-
length X-rays. At short X-ray wavelengths, only small amounts
of photoelectrons are released in the sample during data collec-
tion compared to the number released at longer wavelengths.
Thus the authors were able to obtain a structure for a bound
dioxygen species (Fig. 3b) without accidentally driving the cat-
alytic reaction to completion during data collection. Following
data collection at 0.91 A, the same crystal (still frozen at [P6 K)
was exposed for three hours to longer wavelength X-rays (1.5 A)
to effect cleavage of the dioxygen species by electrons liberated
during radiolysis. Another data set collected at 0.91 A showed
evidence that the reaction proceeded further, and that the dioxy-
gen species was converted to a mono-oxygen species (most likely
species 7, Fig. 3a, although other possibilities such as either a
hydroxide ion or a water molecule bound to the heme iron were
also acknowledged). The structures show small but significant
conformational changes in several important residues and reveal
a network of bound water molecules that may provide the pro-
tons needed for the reaction.

Isopenicillin N synthase. Isopenicillin N synthase (IPNS) cat-
alyzes the biosynthesis of a -lactam compound isopenicillin N
(IPN), the precursor of all penicillins and cephalosporins. The
key steps in this reaction are the two iron-dioxygen-mediated
ring closures of the tripeptide &-(L-O-aminoadipoyl)-L-cys-
teinyl-D-valin (ACV). This reaction cannot be performed by
heme enzymes such as cytochrome P450. Mononuclear ferrous
enzymes have three accessible binding sites around the iron for
substrate and dioxygen binding whereas heme enzymes, like
cytochromes P450, have only one. As a consequence, mono-
nuclear iron enzymes participate in a far wider range of reactions
than conventional heme enzymes. It has been proposed that the
peptide substrate and dioxygen bind simultaneously to the iron,
and that the four-membered -lactam ring is formed initially,
associated with a highly oxidized Fe(IV)-oxo (ferryl) moiety,
which subsequently mediates closure of the five-membered thia-
zolidine ring.

Burzlaff et al.?® describe observation of the IPNS reaction in
crystals by X-ray crystallography. They grew IPNS-Fe2*—sub-
strate crystals anaerobically, exposed the crystalline complex to
high pressures of oxygen (40 bar) to promote reaction and then
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Fig. 4 Light-induced structural changes during the photocycle
of bacteriorhodpsins. The ground state model®> (in purple) is
shown with the K'2 (blue), L'* (red) and M (yellow, D96N
mutant) intermediate structures overlaid. Retinal isomerisation
from the all trans to a 13-cis geometry induces a sequence of
movements in the surrounding residues. Pronounced move-
ments of the main chain and side chain of Lys 216, which is
covalently bound to the retinal through a Schiff base linkage,
are visible in all three intermediate structures. Similarly, a
movement of Asp 85 towards Asp 212 is prominent in the L-
state, but is less pronounced in the M-state. A ‘downwards’
twist of Arg 82, as well as an ‘upwards’ movement of Trp 182,
become prominent in the M-state. A slight movement of the
cytoplasmic side of helix F is apparent in the M-state, although
the D96N M-state structure the terminal residues of helices F
and G could not be built due to disorder.

froze the crystals in liquid nitrogen. Data were then collected to
high resolutions (1.35-1.45 A) with monochromatic X-rays. No
intermediate with bound oxygen could be captured, but using
the natural substrate ACV, they were able to trap the labile
IPNS-Fe2+-IPN product complex, which decomposes through
hydrolysis in minutes in solution. With the substrate analog,
0-(L-0-aminoadipoyl)-L-cysteinyl-L-S-methyl-cysteine (ACmC)
in the crystal, the reaction cycle was interrupted at the mono-
cyclic stage. These mono- and bicyclic structures support the
hypothesis of a two-stage reaction sequence leading to penicillin.
Furthermore, the formation of a monocyclic sulfoxide product
from ACmC is most simply explained by the involvement of a
high valency iron species, although this was not visible in the
electron density maps.

Bacteriorhodopsin

Proton pumping across biological membranes is a fundamental
process in energy utilization in living organisms. Membrane pro-
teins capable of creating proton gradients belong to two distinct
classes of proton pumps: those that use visible light to create a
proton gradient, and those that use a chemical process to move
protons across a membrane. Bacteriorhodopsin is the simplest
known light-driven proton pump and, as such, provides a para-
digm for the study of a key mechanism in bioenergetics. The
chromophore of bacteriorhodopsin is a retinal molecule that is
covalently bound to Lys 216 via a protonated Schiff base.
Following the absorption of a visible photon the protein passes
through a sequence of intermediate states, bR - K o L & M1 -
M2 & N o O - bR, which are characterized by distinct spectral
features. Recent time-resolved structural studies have provided
the first high resolution pictures on events in proton pumping by
bacteriorhodopsin (Fig. 4).

The structure of the K intermediate!? was elucidated by illumi-
nating a crystal cooled to 110 K. The results show that retinal
isomerization moves the backbone carbonyl of Lys 216 by pulling
the lysyl side chain via the Schiff base linkage. A water molecule
(Wat 402), which plays a pivotal role in stabilizing counter ions in
the ground state (or bR state), becomes disordered, enabling the
carboxylates of Asp 85 and Asp 212 to approach each other. The
recent X-ray structure of the L-state intermediate'> captured at
(0170 K shows how the movements observed in the K-state evolve
with time. Most strikingly the disordering of Wat 402 induces the
collapse of a network of water-mediated hydrogen bonds stretch-
ing from the Schiff base to Arg 82 (Fig. 4). This is accompanied by
a bending of helix C, allowing Asp 85 (the primary proton accep-
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tor) to move into proximity of the protonated Schiff base. Two
hydrogen bonds that stabilize the negatively charged Asp 85 in the
ground state structure are broken in the L-state, and the only
hydrogen bond that remains arises from a reordering of a water
molecule, connecting Asp 85 to Asp 212. The mutual approach of
the negatively charged carboxylates of Asp 85 and Asp 212 creates
an electrostatic environment in which proton transfer from the
Schiff base to Asp 85 is facilitated. A relaxation of helix C follow-
ing proton transfer was suggested as a means for drawing the
Schiff base and Asp 85 apart, ensuring the directionality of the
overall mechanism. An alternative mechanism assigns a straight-
ening of the retinal as a mechanism for separating these two
groups following proton transfer*.

X-ray structures for the early and late M intermediates were
also captured by trapping methods. Structures of the M-state
for wild type bacteriorhodopsin'®, the D96N mutant’?, and the
E204Q mutant® all show a similar rearrangement of water mol-
ecules on the extracellular side of the protein as that seen in the
L-state. Furthermore, an unwinding of helix G near Ala 215 and
Lys 216 is seen to allow the ordering of a series of water mole-
cules in a region which, in the resting state, presents a highly
hydrophobic channel. These waters define a proton transloca-
tion pathway from Asp 96 toward the isomerized Schiff base
(Fig. 4) and explain how the Schiff base accessibility is switched
from the extracellular side to the cytoplasmic side during the
photocycle. A failure to observe any large scale movements'>!6:43
on the cytoplasmic sides of helices F and G appears in conflict
with recent electron crystallography results. A low resolution
three-dimensional structure of the F219L mutant tapped in the
N-state’® showed a significant outwards tilt of helix F. A more
detailed view of a similar structural change was obtained
through higher resolution electron diffraction studies on a
triple mutant* D96G,F171C,F219L, which adopts the full
extent of the light driven conformational change of wild type
bacteriorhodopsin in its resting state. Such an opening of the
cytoplasmic channel is believed to facilitate the reprotonation of
the Schiff base by Asp 96. All structures combined provide a
three-dimensional picture of structural transitions in this mole-
cular pump.

New possibilities for data collection

In time-resolved diffraction studies and in some studies of
trapped intermediates, multiple structural states are deliberately
created in the crystal. It was shown recently*’ that in such mixed
crystals additional, independent information can be obtained on
the structural changes from X-ray diffraction. The diffraction
pattern of a randomly mixed crystal consists of two components.
One is the well-known Bragg diffraction pattern of the ‘average’
crystal, which can be decomposed into the sum of structural
states, as discussed above. The other is a continuous (diffuse) dif-
fraction pattern. For a single reacting species, the diffraction pat-
tern represents the ‘difference’ molecule — that is, the difference
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between those that have reacted and those that have not.
Simulations show that the structure of the ‘difference molecule’
can be recovered in three dimensions perfectly and without
phase uncertainty, by the existing crystallographic program
EDEN#:49,

The diffuse diffraction pattern has several attractive proper-
ties. First, it directly measures the interesting parts of the mole-
cule — those that undergo changes. Second, it is quite insensitive
to the long range order of the crystal, as opposed to monochro-
matic and Laue methods. Third, it ‘solves the phase problem’ by
enabling the measurement of the diffraction pattern in between
the Bragg peaks — a method called oversampling. Finally, the
integrated intensity of the continuous diffraction pattern is com-
parable to that of the discrete diffraction pattern obtained from
monochromatic or Laue methods. On the negative side, the con-
tinuous background due to crystal disorder, thermal motion and
experimental artifacts will have to be measured separately and
subtracted out. Nevertheless, the success of similar methods —
X-ray and photoelectron holography (for a review see ref. 50)
and recent experiments by Sayre and Miao® — give us confi-
dence that careful experiments along these lines will yield unam-
biguous electron densities of the active parts of molecules.

New possibilities in reaction initiation

Reaction initiation either with photons or by the diffusion of
reactants can be a limiting factor in structural kinetics. Time-
resolved structural studies on diffusion-triggered processes
could be extended to a much wider range of systems if one could
lower the diffusion barriers. One obvious possibility for lowering
diffusion barriers is to reduce the sample size, and use nanoclus-
ters or nanocrystalline enzyme assemblies of micron or submi-
cron dimensions for time-resolved structural studies. With very
small samples, the vast majority of solution techniques and
methodologies would become available for time-resolved struc-
tural investigations. Emerging X-ray free electron lasers®>** could
provide hard X-ray flashes with pulse durations of <100 fs and
peak brilliance of 10-11 orders of magnitude higher than what is
currently available from third generation synchrotrons. Such
pulses may allow structural studies on large biomolecules or
nanometer scale clusters before the effect of radiation damage
destroys the sample?!. Under these conditions, a new nanoclus-
ter/nanocrystal will be needed for each exposure. We foresee that
container-free sample-handling methods based on spraying
techniques or methods adopted from cryo-electron microscopy,
combined with future light source development, will open up
new horizons for time-resolved structural studies.
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